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Abstract 
Seasonal energy consumption and subsequent CO2 gas emission analysis of an air conditioner coupled with paper based 
enthalpy energy recovery ventilator has been performed. Results were then compared with a conventional air conditioning 
system which mixes outdoor fresh air with room return air before cooling and resupplying. Effects of the enthalpy heat 
exchanger and air mixing system within the air conditioning system were modeled using a modified HPRate software 
code. Seasonal energy analysis for different weather conditions has shown that enthalpy energy recovery system is 
superior in the summer season. For a 300m2 office space, a seasonal saving of up to 1.4GJ in energy consumption and 
900kg annual reduction of CO2 gas emission could be achieved provided that the membrane enthalpy heat exchanger is 
utilized instead of a conventional air mixing and conditioning system.  
 
© 2014 Published by Elsevier B.V. Selection and/or peer review under responsibility of Asia-Pacific 
Chemical, Biological & Environmental Engineering Society 
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1. Introduction 
Energy associated with the operation of heating, ventilating and air-conditioning (HVAC) systems in 
commercial buildings comes with a high financial cost to communities in addition to being a major source of 
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greenhouse gas production. A high performance HVAC system results in a reduction of energy use leading to 
significant reduction in greenhouse gases production and/or pollution [1]-[5]. With the increased attention on 
indoor air quality (IAQ), it became essential in certain buildings to use 100% fresh air in their HVAC systems. 
Therefore, more energy is required to provide a healthy and a comfortable environment to space occupants. 
Besides, fresh air is a major source of moisture which increases the latent load of the air conditioning system 
[1]. To reduce the energy associated with heating and cooling cycle whilst maintaining acceptable IAQ in 
buildings in hot and humid weather conditions, air-to-air fixed plates membrane enthalpy energy recovery 
ventilators were employed. The operating principle of the enthalpy exchanger is to use the room exhaust air to 
pre-condition the entering ambient fresh air. As a result, a substantial amount of energy (sensible and latent) is 
recovered which in return reduces the overall HVAC energy consumption.  
Due to the high experimental measurement cost and time consuming, researchers have focused on 
performing their research on air conditioning systems using computer simulation programs [1], [4], [5]. Liang 
et al. [5] modeled an air conditioner coupled with a cross-flow membrane heat exchanger. Under hot and 
humid conditions, they reported that an air conditioner coupled with membrane heat exchanger improves the 
system has a better performance than a system with a 100% fresh air supplied. However, they did not perform 
energy comparison between membrane heat exchanger energy recovery system and a conventional air 
conditioning system that operates based on mixing fresh air with room exhaust air. 
In this paper, the HPRate code is modified to model an air conditioner coupled with Z shaped paper based 
enthalpy heat exchanger. The heat exchanger utilizes 130μm thick 70gsm porous Kraft paper as heat and 
moisture transfer surface. The code is also used to model a conventional air conditioning system that operates 
based on mixing of outdoor fresh air with room return air. The utilized Z-flow configuration heat exchanger 
provides a counter flow arrangement over most of the transfer surface (Fig. 1). Consequently, heat and mass 
transfer is expected to be high within the counter flow arrangement and over a substantial part of the heat 
exchanger surface. Detailed analysis of seasonal energy saving and CO2 gas emission reduction of enthalpy 
exchanger system and conventional air conditioning system is presented for different cities with different 
weather conditions around the globe. 
2. Experimental set up 
The experimental rig consists of two separate air ducts arranged in parallel, as shown in Fig. 1. The tested 
heat exchanger is made of 98 plastic frames with 49-inlet air passages in each of the air streams. Each flow 
passage is made of a ‘Z’ shape flow configuration plastic frame and assembled together in an alternating 
pattern. The passage of the cold air stream is laterally inverted from the passage direction of the hot air stream 
as shown in Fig. 1. Temperature, humidity and static pressure drop between the inlet and outlet of the heat 
exchanger were measured. In the hot air stream, steam was injected and air was heated using electric heaters 
to vary the heat and moisture content difference between the two streams. Furthermore, sensible, latent and 
total effectiveness were calculated from the experimental measurements to determine the performance of the 
energy recovery system by using Equations 1-3 respectively.  
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Fig. 1. Details of the tested membrane heat exchanger and experimental setup. 
In order to have acceptable measurements, energy and mass balances must be achieved between the two air 
streams passing through the heat exchanger. Experimental results showed that the heat exchanger 
effectiveness is inversely proportional (Fig. 2a) whereas the static pressure drop is proportional (Fig. 2b) to air 
velocity. As the air velocity decreases the air residence time in the heat exchanger increases and more heat 
and moisture transfer takes place. Therefore, the sensible, latent and total effectiveness increase with the 
decrease of the air velocity. It is worth mentioning that an error margin of 1.9% to 8.13% on sensible energy 
and 1.1% to 8.82% on latent energy balances between hot and cold streams were recorded. 
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Fig. 2. Details of the tested membrane heat exchanger and experimental setup. 
3. Systems modelling 
HPRate software code is based on the programming language FORTRAN and is used to predict the steady 
state performance of electrically driven, vapor compression, air to air heat pumps under both heating and 
cooling modes [6]. In this research, the code was modified to include the effect of adding an enthalpy heat 
recovery heat exchanger to a conventional air conditioning system (Fig. 3a). Another modified code was 
developed which includes the mixing of 35% fresh air with 65% room exhaust air (Fig. 3b). This system 
represents air mixing system which is widely used in conventional air conditioning systems. Then, HPRate 
was combined with a model of an office space in order to determine the transient operating status and energy 
consumption of the heat exchanger/air conditioner throughout the year. The modified code reads the hourly 
weather data (dry and wet bulb temperature) for the respective city. The other air conditions at each hour 
(humidity) were then calculated at each stage using psychometric equations. Moreover, the additional fan 
power required to overcome pressure drop was calculated from measured static pressure drop and was 
included in the code. Office temperature and humidity were calculated using Equations 4-5, based on energy 
and mass balance. Consequently, the annual energy consumed by the air conditioner of the office could be 
determined from HPRate at each time step for both membrane heat exchanger and conventional systems. 
Fig. 3. Schematic diagrams of (a) enthalpy heat exchanger system and (b) conventional air conditioning systems. 
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4. Seasonal energy analysis and comparison for London, Miami, and Tokyo weather conditions 
An office space of 300m2 and height of 3.5m with operating hours from 9am till 6pm has been modelled in 
this analysis. The sensible and latent heat load was assumed based on 1 occupant per 10m2 occupancy. The U-
value for the building envelope was assumed to be 2.1 W/ m2K. For the conventional mixing air conditioning 
system, the fresh air supply was 10 L/s per occupant [7]. Moreover, the enthalpy heat exchanger sensible, 
total and latent effectiveness was obtained from the 70gsm paper heat exchanger effectiveness curves shown 
in Fig 2a. For 0.3m/s face velocity the sensible, total and latent effectiveness are recorded as 0.74, 0.70 and 
0.68 respectively.  
Fig. 4. Energy consumption for reverse cycle air conditioner (figures show the energy difference between the two systems). 
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Fig. 5. Annual reduction in CO2 emission when membrane enthalpy exchanger is used instead of conventional air mixing system. 
4.1. Winter energy analysis 
Simulation results of winter season showed that energy consumption of the modeled air conditioner in 
London and Tokyo were higher than Miami (Fig. 4). This is attributed to the cold weather of London and 
Tokyo where the air conditioner operated on the heating mode and the sensible load heating load was high. 
However, the energy consumption in Miami was low because of the moderate weather.  
4.2. Spring energy analysis 
Spring season energy analyses showed that the enthalpy heat exchanger system, in Maimi, consumed 
1.2GJ less than the conventional system (Fig. 4). This is due to the substantial increase in the latent load 
attributable to Miami climate where the enthalpy heat exchanger dehumidified the air before entering the air 
conditioner. This caused a significant reduction in the latent load than the conventional system.  
4.3. Summer energy analysis 
Humidity and temperature increase in summer made the heat exchanger act as both an energy recovery and 
dehumidifying equipment and reduced sensible and latent loads. Fig. 4 shows that in Miami and Tokyo, 
enthalpy heat exchanger system consumed 1.4GJ and 0.9GJ less energy than the conventional air conditioning 
system, respectively. In London, energy consumption difference was less due to London moderate weather 
which is less humid than Miami and Tokyo.  
4.4. Autumn energy analysis 
Fig. 4 shows that energy consumption decreased in autumn. Nevertheless, enthalpy heat exchanger 
superiority continued in Miami due to the humid climate where the enthalpy heat exchanger system consumed 
1.2GJ less than the conventional air conditioning system. However, the weather in Tokyo and London is 
moderate and less humid than summer season. Consequently, energy difference between the two investigated 
systems was less (0.5GJ). 
48   Mohammad Shakir Nasif and Rafat Al-Waked /  APCBEE Procedia  10 ( 2014 )  42 – 48 
5. CO2 emission reduction 
Fig. 5 shows the possible annual reduction in CO2 emission for each city when the membrane enthalpy 
exchanger was used. CO2 emission was calculated based on the emission per GJ of a power plant that operates 
on distilled oil. It can be seen that utilizing membrane heat exchanger resulted in reduction in CO2 emission 
and the highest reduction was achieved in Miami where the weather is predominantly hot and humid. These 
results showed that utilizing the enthalpy heat exchanger in an air conditioning system results in a significant 
reduction in energy consumption and CO2 emission especially in hot and humid climate while simultaneously 
providing 100% fresh air. 
6. Conclusion 
The effective utilization and seasonal performance of an air conditioner with pre conditioning Z type flow 
enthalpy heat exchanger which utilizes 70gsm Kraft paper as heat moisture transfer surface was investigated 
in relation to a conventional air conditioning system that operates based on mixing of fresh air with the room 
exhaust air. This was achieved by modifying HPRate code which read the yearly weather data and 
incorporated the enthalpy heat exchanger effectiveness functions which were obtained from experimental 
measurements. Energy analysis showed that an air conditioning system coupled with an enthalpy heat 
exchanger was more superior to conventional system especially in humid climate and resulted in reduction of 
up to 900kg of CO2 emission.  
 
Nomenclature 
Cp : Specific heat capacity (kJ/kgK) 
m  : Mass flow rate (kg/s) 
m : Mass (kg) 
h : Enthalpy (kJ/kg) 
hfg : Enthalpy of evaporation (kJ/kg) 
Greek Letters 
ε  : Effectiveness 
Z : Humidity ratio (kg/kg dry air) 
Subscripts 
c : Cold air stream 
h : Hot air stream 
i : Inlet 
L : Latent 
o : Outlet 
S : Sensible 
tot          : Total 
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